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Preface

This is Report No. 9 in a series of publications that describes the
chemical engineering activities of the Tennessee Valley Authority,
and it presents the results of some of the corrosion tests that were
made as necessary parts of the various experimental programs that
have been undertaken. The Division of Chemical Engincering of
the TVA has been concerned with the development, through the
laboratory, pilot plant, and plant phases, of processes for the produc-
tion of fertilizers and for the utilization of natural resources of the
Tennessee Valles. In each of these steps in development, problems
for which no solution could be found in the literature have been en-
countered in the selection of materials of construction to withstand
the corrosive action of the materials being processed. Corrosion
testing has been used as a means in the solving of these problems,
Although some of the results that have been obtained have been pub-
lished in technical journals, the present report serves to bring together
in one compilation those of the corrosion test results that might be of
interest to others outside TVA. Other reports in this series covering
the development of processes present information on the materials
of construction used in the plants and describe operating experience
with these materials.

The compiler of this report has been respounsible for carrying out
only a few of the tests for which results are reported, and it would be
vittually impossible to give a complete list of those who contributed
to the accumulation of test data. A. W. Beinlich and G. L. Crow
carried out a large part of the work and contributed to the report in
an outstanding manner by assembling data and by preparing parts of
the manuscript.  The following members and former members of the
TVA staff also contributed significantly to the work: J. C. Barber,
H. A. Bennett, W. J. Darby, A. B. Harrison, A. Hendrix, H. 5.
Jerabek, J. S. Lewis, R. R. Ludlum, D. J. Mack, Mary H. Malone,
J. A. McCollum, L. I. Mitehell, G. R. Pole, G. C. Robinson, D. E.
Rosson, E. P. Tait, and M. L. Taylor. Julius Silverberg and H. J.
Kerr were of considerable assistance through suggestions regarding
content and arrangement of tables and in the preparation of the
manuscript.
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CORROSION TESTS OF METALS AND
CERAMICS

Introduction

Although the literature on corrosion is voluminous, it is inadequate
in that by its use the resistance of a particular material of construction
to a corrosive medium under the conditions to be encountered in a
preposed process seldom can be predicted with satisfving certainty.
This is true because of the large pumber of variables that affect
corrosion rates. To investigate the effects of all variables for a given
material and corrosive is a tremendous task, and years of werk remain
before the field of the corrosion of materials will have been charted
satisfactorily.

Because of these facts, the tests for which results are presented here
were usually made to answer specific questions regarding the resistance
of materials under conditions actually cncountered. Therefore, the
data obtained are discontinucus with respect to the effeet of such
variables as the concentration of the corrosive and temperature and
the degree of acration. They are presented as they were obtained,
and in only a few cases has an effort been made to present correlations
of the degree of attack with the variations in test conditions. A list
of the TVA articles on corrosion is given in Index A.

Since the results presented are considered to be self-explanatory, no
recommendations are made. It was not practicel to test all the
materials that might be suitable for a given application. Cost and
immediate availability, as well as technical judgment, were the factors
that limited the number of materials tested. Therefore, it is possible
that some materials not included in the tests would have given results
as gocd or better than those obtained with the materials tested, and
it should not be inferred that the materials that proved to be satisfac-
tory in the tests are the only ones that are suitable for use under the
test conditions. It also is possible that certain materials were included
in the tests at conditions under which their manufacturers would not
recommend them for use. Failure of these materials to show satis-
factory resistance to corrosion in these cases does not detract from
their value for use under other conditions.

Many tests have been made on metals, ceramic materials, and
protective coatings; however, it has been extremely difficult to evaluate
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the results of the tests of the coatings, and this report is restricted to
tests of the other two types of materials.  The results of tests of metals
and of ceramic materials are presented separately.

Tests of Metals

Metals were tested against compounds of phosphorus, nitrogen,
sulfur, aluminum, and magnesium bath in plant and pilot-plant equip-
ment and in laboratory equipment set up especially for that purpose.
The compositions of the metals used are shown in Index B. Only
a few of the results of the tests made in plant or pilot-plant equipment
are presented in the report because in such tests the precise control of
conditions is difficult. 1n general, the testing procedures agree with
those outlined by A. S. T. M. Designation A-224-46. In all cases,
duplicate specimens were used, and some of the results presented are
the average data obtained on as many as 10 specimens, The details
of the three methods used in most of the laboratory tests and of the
methods for handling specimens in the plant and pilot-plant tests are
outlined below.

Methods of Testing

Thermal block laboratory tests.—Tests of disk-type specimens were
run in thermal block corrosion-testing apparatus, one of which is
shown in section in figure 1. A photograph of several ot these appara-
tus is shown in figure 2. Specimens 1 to 2% inches in diameter and
from Y4, to % inch thick, each having a hole 2%, inch in diameter at its
center, were used in most of these tests. Where the determination of
the effect of cold-bending the metal on its resistance to corrosion was
desired, bent disk-type specimens were used. Welded specimens were
prepared by cuttirg the disks in half, beveling the cut edges, and
welding the halves together.

The specimens were hung on glass lift rods that are parts of the
thermal block corrosion-testing apparatus. Each of the thermal
blocks contained eight pyrex glass tubes 2} inches in diameter and
20 inches long. These tubes extended into the blocks to a depth of
12 inches; for the tests the tubes were filled with the corrosive to
the level of the top of the blocks (750 milliliter). The lift rods, which
carried the specimens, were centered in the tubes and extended
nearly to the tube bottoms. These rods were connected to cams
that turned 19 revolutions per minute. The action of the cams
lifted and lowered the rods through a distance of 1 inch. Thus, the
average linear velocity of the specimens through the corrosive solu-
tion was 3.16 feet per minute. Cold water flowed through a coil in
the top of each tube to prevent excessive loss of corrosive or of water
through evaporation. When aeration of the specimen was desired,
hollow lift rods were used, and air was passed through these rods at

2




the desired rate and emerged in the corrosive below the specimens,
A flow of 0.02 cubic feet per minute of air was chosen arbitrarily as
standard acration in these tubes, and in the tables of data that
follow, where the notation “with acration” appears, that rate of flow
was used.  1n some tests different rates of air low were used.  Each
block was heated by means of five 1,000-watt (‘alrod units. The
temperature of each block was controlled with a bimetal regulator
inserted in & hole in the block at its center; this regulator controlled
the flow of current to the Calrod units. The temperature in the
tubes was controlled to within 3° F. of the desired value. This
apparatus has been used in most of the laboratory tests.

3, 3

RONO O XOP. £GGENTRIC

|, LIFT ROD
PYREX TEST
REFLUX TUBE
CONDENSER
TRANSITE
TOP
ROGK WOOL __ |, l
INSULATION " i ALUMINUM
2§ 2z BLOCK
1000 WATT ___| N T T— SPECIMEN
CALROD UNIT

L 18*

1

Figure 1.—~Section through thermal block corrosion-testing apparatus.
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Figure 2.—Thermal block corrosion-testing apparatus.,



The corrosives were placed in the tubes and brought to the desired
test temperature before weighed test specimens were introducedd.
During the period of exposure of the specimens, the concentration of
the corrosives was determined periodically to make certain that no
significant change took place. At the end of the exposure period,
the specimens were removed and serubbed with a soft wire brush to
remove corrosion products; then they were dried and weighed te
determine weight loss.

Tests in ceramic-lined tank.—A number of tests of metals and
ceramic materials were made instrong phosphoric acid containing 85
percent P,O; (equivalent to 117 percent H;PO,) at 480° to 490° F.
in a brick-lined steel tank. The tank, 37 by 37 by 22 inches deep,
was lined on the sides with 8 inches of red shale brick and on the
bottom with 4 inches of that brick.  Silica base, sodium fluosilicate-
sodium silicate cement was used as a mortar in constructing the
lining. The tank cover was made of Transite slabs 1 inch thick and
was topped with heavy asbestos paper, which provided additional
insulation. The acid in the tank was heated with four or five 1,000-
watt Chromel-wound electric heaters encased in zircon-porcelain
tubes, which were in a vertical position in the tank and extended
upward through holes in the Transite cover. A Fenwal thermal
regulator, immersed in transformer oil in a pyrex glass tube, was
used for maintaining a constant acid-bath temperature. A photo-
graph of the tank with a part of the cover removed is shown in
figure 3. (Some of the heaters are not shown.)

Metal specimens were suspended in the acid by means of silver
wires or were attached to lift rods on a cam-type mechanism so that
they could be moved in the acid (average linear speed of 0.2 to 0.4
foot/minute) or alternately immersed and removed from the acid.
Figure 3 shows a ‘“spool” assembly of metal specimens suspended
with silver wire but held above the acid level for photographing.
Figure 4 shows how the spools were assembled.  The cam mechanisim
for tests in which metal specimens were in motion is not shown in
figure 3. The figure shows ceramice specimens in position for testing;
coramics usually were tested together with metals, and sinee they
were rotated in the corrosive (usually at a speed of 14 revolutions
per minute), their motion aided in agitating the corrosive.

In tests in which the acid in the bath was agitated only by the
motion of the ceramic and metal speeimens, the bath liquid velocity
was not measured; in the table in which the results of these tests are
presented, the notation “bath agitated slightly” appears. In tests
in which the acid was agitated both by the motion of the specimens
and by Lightnin mixers (only one of the two normally used is shown
in fig. 3), the liquid veloeity at the point where the metal specimens
were immersed was measured with a Pitot tube. The maximum
bath velocity at these points was 0.4 foot per second. The acid
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Figure +.~Spool assembly of metal specimens for corrosion tests.

bath temperature was measured with a thermometer encased in a
zircon-poreelain thermocouple-protection tube.

The metal specimens were weighed before and after the tests
The procedure used for cleaning the specimens was the same as tha
used in the thermal block tests.

Bomb tests.-- -For the tests in which it was necessary to use higher
than atmospherie pressure, stainless steel bombs of the type shown in
section in figure 5 were used.  The metal specitnens, which were of the
disk type, were mounted as is shown in the figure. The bombs were
provided with stainless steel adjustable pressure-relief valves to
permit escape of gases formed during the test.  When agitation of the
corrosive ‘was desired, the hombs were submerged in a constant-
temperature water bath and oscillated with a cam mechanism. The
cam turned 19 revolutions per minute and lifted and lowered one end
of the bomb through a distance of 2 inches. At the middle of the
stroke the axis of the bomb was horizontal. The water in the bath was
heated with electric immersion heaters, and the temperature was
controlled with a mercury thermoregulator.

In some tests these bombs were maintained stationary in a constant-
temperature electric oven. The oven temperature was maintained
at the desired value with a bimetallic thermal regulator that controlled
the flow of current to its heating elements. The lines from the bombs
to the relief valve were extended so that the valves were outside the
oven.

The method of handling the specimens was the same as that de-
scribed previously.
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Figure 5.—~Bomb corrosion-testing apparatus.

Plant and pilot-plant tests—Tests were made in the plant and pilot
plants in sumps, tanks, pipelines, launders, and reaction vessels of
several types. Disk specimens were mounted on spools similar to the
ones shown in figure 4. In most cases glass or Saran spacers were
used in place of the Teflon ones shown in the figure, and the rods and
end plates of the spools were usually made of A. 1. S. I. Type 316
stainless steel.

The method of handling the specimens was the same as that de-
scribed previously.




Method of Evaluation

In general, weight loss expressed as rate of corrosion in terms of mils
of penetration per year was used as the basis for evaluating the resist-
ance of a material to the corrosive. However, when the corrosion
rate obtained in this manner was in the acceptable range but severe
pitting of the test specimen had occurred, it was considered that
corrosion was excessive, and this observation, instead of numerical
data, is reported. .

For use by TVA, 60 mils’ penetration per year normally is considered
the maximum acceptable rate. However, there are certain applica-
tions, for example, where thin materials must be used, in which the
60-mil criterion is not necessarily applicable.

The duration of most of the tests was 15 days or longer. It has
been observed in a number of tests in phosphoric acid that corrosion
rates are high at the beginning of the exposure period but decrease to a
reasonably constant value after 6 days. Where data for tests of
shorter than 6 days’ duration are presented and the experimental rates
are less than the normally accepted 60 mils per year, the rates are
shown in tables to be presented later as less than the experimental
value (< experimental value). In those cases where the weight loss
in less than a 6-day test period was so great that the corrosion rate
calculated using this weight loss and a time of 6 days exceeded 60
mils per year, the corrosion rate has been shown only as “excessive.”
It was reasoned that, even if these tests had been extended to 6-day
pertods and no more metal had been corroded from the specimens, the
rate still would have been excessive. Present TVA practice is to
subject materials to a 30-day test. However, it is believed that, on
the basis of recent data, the 6-day test results are significant and give
an accurate indication of the serviceability of the materials tested.

Results of Tests

The results of tests in each type of corrosive are presented under a
separate heading.

Tests in phosphoric acid.—Both electric-furnace phosphoric acid
from the TVA acid plants and C. P. phosphoric acid were used in these
tests. A typical analysis of plant acid (85 percent H;PO,) is as follows:

Constituent ‘ Percent Constituent ‘ Pereent } Constituent Percent
0.015 0.01
.02 .003
.0 003
.003 . 002
. 002

The results of laboratory tests made in the thermal block apparatus
and in the bomb testing apparatus using plant acid are shown in
table I, and the results of those made using C. P. acid are shown in
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table II. The tests in C. P. acid were made in the thermal block
apparatus. Table ITI shows the effect of varying the rate of aeration
of both plant and C. P. 85 percent acid on the rate of corrosion of
A. 1. 8. 1. Type 316 stainless steel and of red brass as determined in
the thermal block apparatus. In these tests several acid tempera-
tures were used. The results of laboratory tests made in very strong
phosphoric acid (117 percent H;PO,) at an elevated temperature (480°
to 490° F.) are shown in table IV. The tests were conducted in the
ceramic-lined tank testing apparatus, and the acid was prepared by
concentrating plant acid (approximately 85 percent H;PO,) to 100
percent H,PO, by evaporation and fortifying this acid with solid
phosphorus pentoxide. The results of the tests in phosphoric acid
that were made in plant and pilot-plant equipment are shown in
table V. In these tests, acid concentration and temperature varied,
and the extent of aeration and, in most cases, the velocity of agitation
were not known.

TaBLE 1.—Laboratory corrosion tests in TV A plant phosphoric acid 12

Corrosion rate ex-
pressted iln mils
penetration per

Material tested 3 Corrosive and conditions year

With | Without
aeration | aeration

Admimlty metal ... _._._.... 90 percent HaPO4at 260° F ... ... _..__.__.__ Exc. jooee ...
. L. 8. 1. Type 304 stainless | 1 peteent 111;P0.+5 petrcent sugar at 363° F.and (. ... __._ 0.9
teel. 60 p. s.

" 3 S %! percent HaPOy at 150° F.; metal cold bent 90°
and heated to 850° F. and air-cooled.

-1 80 percent HyPO, at 240° F. - X
Boiling 80 t H;PO4 at 204° F PO Exe.

85 percent HyPO; at 200° F -

85 percent HyPOq at 220° F.

85 percent HyPOqat 255° F.

-1 90 percent HaPO4at 280° F.

92 percent H:PO. at 358° F.

80 percent HyPO4at 240° F

85 percent H;PQ.at 200° F .
90 percent H3PO, at 280° F.
1 percent HsPOqat 200° F .. -
1 pergent H;PO, at 363° F. and 160 p. s. i., bomb

1

9

1 percent HiPO«4-5 percent sugar at 363° F.and | . ______. .3
1

1

1

160 p. s. i., bomb test.
3 percent HsPO«at 2005 F.__..oeeoeoo ...
5 percent HyPOyat 200° F _ -
10 percent HaPOy at 200° F.
20 percent HiPOy at 200° F
40 percent HsPOqat 200° F ..
60 percent HyPOqat 200° F..
-! Beoiling 70 groent H3PO, at 260° F
80 percent 0. at 150° F.; metal ‘cold bent 90°
and heated to 850° F. and air-cooled.
DOt 80 percent ﬂaPO. at180°F. .. .. ... . ... 2.5
DO 80 percent HsPO, at 180° F.; metal cold bent 90°, 2
no sul uent heat treatment.
DO .l 80 percent HyPO4 at 180° F.; metal cold bent 90°,
heated 15 minutes at 850° F. and air-cooled.
-| 80 percent HsPO.at 200° F. ... ___._.__.__._____
80 percent HyPO4 at 200° F.; metal cold bent 90°,
heated 15 minutes at 850° F. and air-cooled.
80 percent H'POf: attm" F.; metal cold bent 90°,

no ea
DO-eeeieceemaeeeamaeaaaas t HaPOy Bt U0 F...ooooeomeeocmoooo.o,
DO Bo ling 80 percent B,PO. at2M°F......_ .. ...
See footnotes at end of table.
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TaBLE I.—Laboratory corrosion tests in TV A plant phosphoric acid ! L—(‘outmuod

|

Corrosion rate ex-
; in

mils

penetrstion per

Material tested 3 Cortrosive and conditions jooyear
! With  Without
| ‘[ aeration | ueration
A L 8. 1. Type 316 stainless | 85 percent HEPOCSL200° F ... 12
steel,

Do
A. L. S, 1. Type 52 stainless
steel

Aluminom.___
Braaf), high.

.| 85percent HaPO4at220°F_ .. .. ___ ... ... i
_| 85 percent H;PO at 255° F___ .

.| 90 percent HyPO4 at 280° F

-| 80 percent HiPO; at 200° F
- 80 percent H;PO, at 200° F.; metal heated 16 hours

- percent HyPO, at 260° F_

.| 93 percent HyPO, at 260° ¥ _

-| 1 percent HyPO.+5 percent sugar at 363° F

85 percent HyPOqat 285° F ..

85 percent H3PO.at 280° F._

45 percent HPO.4 at 300° F_ .

Boiling 90 percent H:PO. at 342° F_

92 percent H:PO, at 358° F

% percent H;PO. at 260° F.

83 percent HiPO, at 260° F.; metal heated for 10

minutes in the range 1 sw’—z,m F.and water.
quenched; specimen pickled in HF md HNO;
and passivated in concentrated H

100 percent HaPO, ¢ at 130° F

117 percent HyP O, 3 (85 percent P10;) at 140° F . _.

117 percent H3PO4 b (85 yeroent P;O;) at 356° F..

90 percent HPO, at 280

93 percent HiPOq at 260° F.
80 percent HaPO, at 150° F.;
heated to 850° F. anq air-cooled

at 760°-790° F. and sir-cooled.
80 percent HyPO, at 240° F

92 percent H;PO, at 358° F_
85 percent HsPO, at 200° F_
90 percent H;PO, at 280° F.
1 percent H3PO, at 200° F__

3 percent H3POq at 200° ¥ _
5 percent HaPO, at 200° ¥ _
10 percent HaPO, at 200° F
20 percent HaPO, at 200° F...

40 percent HsPQ,at 200° F ..

60 percent H;PO.at 200° F__. .
1 percent HsPOgat 200°F_ .. ...

3 percent HaPOyat 2000 F_ . . .. ... .
5 percent HiPOy at 200° F__
10 percent HiPO, at 200° F.
20 percent HaP Oy at 200° F.
40 percent H;PO, at 200° F.
60 percent H;PO, at 200° F
Boiling 70 percent B:PO. at 260° F
80 percent H;PO, at 200°

85 percent HyP Oy at 220 °[~‘
85 percent HiPOq at 35° F.
85 percent HyPO, at 255° F__
80 pervent HyPO, at 240° F

83 percent HaPOq at 200° F
90 percent H:PO, at 280° F_
10 percent H;PO, at 200° F

20 percent HyPO, at 200° F

80 percent HsPO, at room temperature ... ...
70 pereent HaPOgat 130° F. . _____ -
78 percent HiPQ; at 200° F. ..
85 percent HaPOqat 235° F___
85 percent HiP O, at 285° F.
90 percent HaPOy at 260° F_
Tpercent HaPOsat 2000 F . . . . ... ...

1 percent HyPO¢at 363° F.and 160 D. 8. i. bombtevz | .

. and

160 p. 8. i. bomb test,
3percent HuPOyat 00°F_ ... ...
5percent HsPOuat 2000 F_ ... .. ... ...

Bee footnotes at end of table,

1

100 percent HsPO4at130°F__ .. ... _________ = 27




TaBre I.—Laboratory corresion lests in TV A plant phosphoric acid ' 2—Continued

Material tested 3

Corrasiont rat+ ex-
pressed in mils
penetration  per

Carrosive and conditions year

I With : Without

Brass,red_.._............
Dy

Do...
Do ..
Vo._.. .
Do
Deo...
Do..
No..
Da...
Do. .
Do...
Do.. _...._...
Brouze, Phosphor C.
Bronze, Phosphor D.
X

Cirele 134 (cast)
Do .

Do .
Do. .

Do...

[¢.9 R
Chlorimet 2 ...

| 85 percent HaPO, at 300° F
N
- ‘ 100 percent HyPO, ¢ at 130° F_.

_| 80 percent HiPO, at 2%0° ¥
“| 80 percent HaPOqat 200° F

.1 85 percent H;PO, at 255° F.

"1 85 percent HyPO, at 2000 F

_1 90 percent HsPO, at 260° F._

_1 80 percent H;PO. at

.| 90 percent HsPO,at 280° F__

.1 56 percent HsPOy at 130° F
_| 56 percent HaPOqat 160° F __

|
.
i k aeration  aeration
1
!

10 percent HsPOeat 200° F. ... . . . . __

20 pereent HaP Oy at 200° F . R
‘ 40 pereent HaP Oy at 200° ¥

60 percent HyPQq at 200° ¥
| 85 percent HaPOy at 220° F__
i 85 percent HsPOy at 215° F
85 pereent HiP O, at 255° F
. 85 percent HaPPOy ut 280° F.

ao 142

90 percent HsPO ut 260°F ...
Boiling 90 percent HsPO at 342° F__
92 percent HaPOyat 388° F__ ...

90 percent H;POqat 260° F___
90 percent HiPOq at 260° F ..
! 92 percent HaPOyat 358° F__

%0 percent HiPO, at 180° F

i 90 pereent HaPOyat 280° F

i 92 percent HyPOy ut 358° F__

93 percent HyPO,at 260° F. . .. .. ..

1 percent HiPOy at 363° F. and 160 p s. i.,
test, 1

1 percent HsPOu+5 percent sugar at 363° F, and | . 1
160 p. 8. )., bomb test. ;

85 pereent HzPOsat 20° Fo_ ... .. [ 16

85 pereent HiPO, at 235° ..
85 percent HiPOyat 280° F. . R

90 pereent HaPO at 2600 F. . ... N Exc. |
117 percent HiP O, 5 (85 percent P20s) at 140° F <8
17 percent HaPO, * (85 percent P20g) at 356° F_._ ... . 1.6
i RO percent HaPOQuat 285° F . ... . 93

85 percent HiPO,at 20° F. .
SO pereent H3 PO, ot 20° F

2

85 pereent HaPOuat 20° F_
85 porcent HaPOyat 235° F .
% percent HaPOg 0t 200° F__
40 percent HaP O, at 2%0° F . o -
1 percent HyPO, 8t 363° F.and 160 p. s i, bomb | . . 1

-

€a o
groon

test. i

1 percent HyPO,+5 pereent sugar at 363° Foand ... ... K
160 p. s. i.. homb test. |

i 70 percent HzPO, 0t 130° F

78 percent HaPOyat 200° F

85 percent HaPO, at 220° F

85 percent HsPO, at 255° F .

85 percent H3PO, at 280° F.

42 percent H: POy at 35%° F__ .
90 percent HaPO, at 200° F. . .
92 percent HaPOuat 358° F . _______ .. ... .

117 percent HyP O, & (85 percent P205) at 140° F

117 percent HiPO, 3 (85 percent P;0s) at 356° F.
90 percent H:POJat 280° F___.
92 percent HsPO4at 358° F__._
93 percent HsPOiat 260° F .
80 percent HiPOs0t 255° F_ .

93 percent HiPO.at 260° F_ __ .-
100 percent HsPOMdat W0° Fo_ . .. .. ..
117 percent H3PO, 5 (85 percent P10s) at 140° F__
117 percent H3PO. ® (35 percent PyOs) at 140° F.

117 percent HyPO4 # (85 percent Py0;) at 356° F ..

56 percent HsPOgat 200° F ._
60 percent HyPO4at 200°F_..__..__

nt HsPO.at 260° F.______.
70 percent H;PO¢4-8 percent Ha80, at 1
70 percent HsPO+-8 percent Hs80, at 1
70 percent H3PO4+-8 percent Hi80, at 200°
78 percent HyPOq 8t 130° F

g%

See footnotes at end of table.
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TABLL I —Lnborator_/ corrosion tests in TV plant phosphoric acid ! 2—C onlmued

Corrasion rate ex-
pressed in mils
| penetration  per
Material tested 3 Corresive and conditions yeur
i © With  Without
! aeration  ueration

Lead, chemical " 78 percent HiPO1at 160° F .. oo ... [T 15
Do . 78 percent H, PO at 200 F . : 212 59
Do 80) percent HyPO. at 200° F - 25 234
Do . Boiling 80 percent Hs PO, at 24° F .. Exe,
Do ... . 85 pereent HalPOqut 255° F ... ) 218
l)o ‘‘‘‘‘‘ .. K5 percent HaPOyat 230° F R | A4
871 .. Boiling 90 percent Hal’O, at 3H2°F Exe

Lead, lt‘llurium . .. 70 pereent hxl'()o at 130 F . . : 58
Do .. 78 pereent H PO at 20° F

Low -1hr0m¢- iron ¢ 80 percent HiPOqat room tem]wmture
Manganese 15-8 stainless steel _: 85 percent HsPO at 2000F .. ... ... ...
Mild steel . 1 pereent HsPOgat 363° P an;“l 160 p.s. i., bomb tes!

Do i 100 percent HsPO, ¢ at 130° .
Do ! 117 percent HaPO, 3 (85 percent P205) 8t 100° F.
Do . . 117 percent H3PO, 3 (85 percent P20s) at 200° F_.. ...
Monel .. _i Ipereent HyPOat363° KFoand 160 p. s. 1., bortih test !
Do .. i 1 pereent HyPO4+5 percent sugar at 363° F. and
| 160 p.s. 1., bomb test.
Do i 85 percent Hvl’()o at 220° F

Do . 85 percent HiPOy at 255° ¥
, 85 percent HsPOuat 220° F .
« 117 percent H3PO, 3 (85 porcent P203) at 140° F
117 pereent HaP O, 3 (85 percent P205) at 356° F
117 percent H3P Oy 5 (85 percent P30s) at 140° ¥
| 117 percent H3 PO, 3 (85 percem P;Os) a1 356° F
1 90 percent HsPO4 at 260° .

92 percent HiPOy at 358° F
85 percent Hz POy at 255° F
117 percent HaPO, 8 (85 po-m'nt P20s) at 1 :
117 percent H3PO¢ 8 (85 percent l’z()s) at 356° F

85 percent Hs POy at 220° F . 24
85 percent HsPOuat 255° F . 70
i 85 percent HsPOsat 280° F___. 119

t Alf tests were made in the thermal block testing apparatus (see fig. 1) unless otherwise :mmL l)l)ur
tests made in homb testing apparatus. (See fig. 5.)
2 Where “Exc.” is shown in the table, corrosion is considered excessive,
a Specimens were wrought metal unless the notation *‘cast’ appears.
¢ Plant acid concentrated by evaporation.
s Plant acid concentrated to 100 percent HsPOy by evaporation and fortified with 1220;.
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TaBLE I1.—Laboratory tests in C. P. phospheric acid !

Corrosion rate expressed in mils penetration per year

S5 154 |35 |54 Iss
A lamalts L2 LT
i -3 =z 828 BT INe
Material tested 2 ot e ls g s,
el e WPl TP
2% 2|8 ‘5 X E—.l:gi\:"ie
e TR EIT £
L HE ML MERE
ZERIZRE|AREZIE X3E
- —_ - wy
AL L ROL Type 316 staindess |
sm-l“ 61, 1] ot o1l o5
A LS L ;
steel .. 2 L UM
B
- R [
L. ! :
1ol oz
320 | 112 %R0

!

£5 |58 E2.:8 =
=5E/3% Z55 3% =2
- -:‘:E :‘:“'E‘;:‘ =:‘E
e - R R - o 2
= | & H
EHELHIL IS £33
z :ii.ag X Z| X e
SRR |ZE3I SRS =33
=R E g
—— e e
0.2 01l a2 1 6
\
X. 3 51 1 20
b i 2,600
2 a2 a2
‘
3, i) 4, OO0 -
1200 60 A 160 150 17w

|

=g
553
Muterial tested 7 2=
HENE
I 2128 %
\ x
(R
o 3
f 31 A
1
t el e
S, L. Type 430 stain- |
less stoel ,,,,,,,,,,,,,,,, ! 1 9
A. L 8. L Type 501 stain- |
lesssteel ... ... __ R P
Brass, red. . . ._i 18 |1,120

i
i
|
i
,

i

gs g5 52
Z#5E% 1283
ol Bt=1iul S palie—
£055%5'E%5
Ex2837 582
EEHEEHERE
773

1 2 n

4. n

|

_____ L

i
TR T

)
i
1
{

3= |32 lz2 izs
TE ES.ER_ED
L =SS
D =TSSR
PO L N S - )
Za c‘=2_§‘=g ;
SiEn s

Sgs SREER3 LR
X D XD [ R I
R T e i ]
% F 2 %

! All tests were conducted in thermal block testing apparatus.

3 Al]l specimens were wrought metal.

(See fig. 1)

TasLe III.—Efects of aeration rate on corrosion of .A. I. 8. I. Type 316 stainiess
steel and red brass in 85 percent phosphoric acid at various temperatures !

Material 2

AL ‘i L. T)pe:!lﬁstmnlesssteel.

}
‘\ Corrosion rate in mils penetration per yvear
|

85 percent plant ph

temperature,

05|

temperature, ©

é:horic acid , 85 percent C. P. ph()sphorl(‘ acid

-] 2,900
3,300

6,800} 750

1 All tests were conducted in thermal block testing apparatus.

2 All specimens were wrought metal.
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TasLe IV.—Laboratory tests in 117 percent HyPO, at 180° to 190° F.1

Corrosion rate expressed in mils penetration per year

Linear veloe-
_Linear velue- Linear veloe. 1LY Of Sheci-

ity of speci- | ity of speci- :'";""to")_“‘! Speeimen

Material tested 2 men 0.2to 2 to 8 TLISECL gratic; speci-
h = 0.4 ft./sec.; . ‘\lp:'c"u"{'. men coru-
speeimen | specimen’ | alernately pletely

completely | eompletely | SUPIETES g pergia;
submerged; | submerged; “"‘&)::l“,:gi‘d“d bath slightly
bath agitated: bath agitated, bath: bath agitated
slightly | 0.4 ftusec, ! agitated 0.4
ft./see.

stainless steel ... .

s L Type 309

3. L Type 310 stainless
3. L Type 316 stainless
3. L Type 317 stainles:
3. 1. Type 347 stainless s
S "

Brunze, aluminum .
Bronze, Phosphor. _
Chlorimet 2 (cast)
Circle L-34 (cast) ..
Coast metal 4 (cast) ..
Coast metal 10 {cast}.
Coast meta] 12 (cast). ..
Coast metal 18 (cast).
Durimet. .. . .__..__
Duriron (cast) . _
Elcomet K (cast) .
Everdur10l0 ... ... ... ...
Hastelloy A (cast and wrougl
Hastelloy B (cast and wrought)
Hastelloy C (cast)...._...._.
Hastelloy D (cast) ..

lium R.. .
Inconel .
La Bour G-60 (cast) ..
La Bour R-55 (cast) ..
Manganese 18-8 stain.
Mild steel.. .
Monel____
Nichrome
Niekel......
Pioneer (cast).
8terling silver.
Tantalum

Cou pled samples I

Hastelloy A (coupled with sterling silver)
Hastelloy B (coupled with carbon) _.____
Hastelloy B (coupled with sterling silver)
Sterling silver (coupled with Hastelloy A).
Sterling silver (coupled with Hastelloy B)...

Welded samples
Hasteloy B (welded with Hastelloy By _____. ..

IR

1 All tests conducted in ceramic-lined tank testing apparatus, (See fig. 3.)
2 Specimens were wrought metal unless the notation “‘cast* appears.
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Tests in vapor containing phosphoric acid.—Some tests were made
in TVA phosphoric acid piant vapor ducts that contained phosphoric
acid as mist and some fluorine, probably present as hydrogen fluoride.
The principal constituent of the gas carrying the mist was nitrogen,
though some oxygen and water vapor were present in all cases. The
results of these tests are shown in table VI.

TasLeE VI-—Tests in vapors containing phosphoric acid !

|
| Corrusion rate expressed in mils penetration per year

i
! Vapor contain-
I
I

‘Vapor eon-
ing approxi- | Vapor con- ; taining
i mately 0.07 taining approxi-

| Vapor con- percent 1205 | 10 percent | mately 13
| m::‘xigﬁ 3 | by weight and | by weight | percent
quantity of | Approximately | of 81 per- | P40sand
HabOsnsy | 204 P, b. m. Facent FsPOS approxi-
mist and_ | and from 7 to | as 3 mist mately 250
vyt | lspercent Oz | andap- | p.p.m. Fy
| fluorine at a tempera- |proximately| by weight
{compounds] ture from 129° | 250 p. p. m. ! at 285° to
ot IREe to | Lo Bi° F. F2by | 300°F.
Y Velocity of | weight at | Velocity of

Material tested 2

R I00 2NN A MR-+ | v eiocihy
apor approxi- | 250° to | vapor ap-
! ‘ mately 30 300° F. |proxinately
| ft./see. |30 ft/see.
Admiralty .. _ . P i 45
Advanee..._.. ! 37.5
A LS L Type: i 2 | 8T e

A. L & L Type 302 stain elded with |
Type 3024 Mo stainless steel welding rod_.._.._.-

A. L 8, L Type 303 stainless steel ..

A. L 8. I. Type 304 stainless stee]

Al I. Type 9 stainless steel ..

A. L 8 L Type 31t stainless steel. ... ... N ‘

A. L 8. L Type 316 stainless steel welded | !
Type 316 stainless steel weldingrod ... ... L 3.2 1 1.7 29

A. [ 8. L. Type 316 stainiess steel electric welded i )
with Type 3164 Ch stainless steel welding rod ... ... e e ! 6.3 1.

A. I 2. 1. Type 316 stainless steel with Heliarc : | !
weld using Type 3164+Cb rod {or filler b 1.

A. L 2.1, Type 317 stainless steel ... P i

A. [ 3. 1. Type 320 stainless steel ...

A. [ 3.1, Type 329 stainless steel .

Al I. Type 430 stainless steel. . ... __.._....

A I. Type 430 stainless steel weld

LIS,
Pype 3164+Cb weldingrod . ... ...
A. IL 5. L. Type 446 stainless steel
Allegheny 55 (cast). ..
AMSCO F-3 (cast). .
Anti-scid metal (cast)
Beryllium copper-.
Brass, high _____ PER
Brass, high (brazed with Phos-Copper) .
Brass, high (brazed with il-fos) ... ..
Brass, high (brazed with Tobin bronze)
Brass, high (solderrd with 60 percent Sn,
cent Pb) .. Cieee IO

Brass, red __
Brass, red (electric welded) ... ...
Brass, red (gas welded) _...
Bronze, aluminum. .. ..
Bronze, commercial (cast). ..
Bronze, manganese (cast) ... ..
Bronze, nickel-aluminum (cast) .
Bronze, Phosphor C._.___.__....
Bronze, Phosphor D
Bronze, silicon. ... . ..
Bronze, Superstrength (
Pronze, Tobin__..... ...
Carpenter 20, ......
Cast iron, gray (cast) ... ez
Cast iron (brazed with Tobin bronze) (cast).
Cast iron (welded with cast iron) (cast). ...
Cirele L-34 (¢8St) - - oo

See footnotes at end of table.
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TaBrLe VI.—Tests in mpurs wm‘anuug phosphoric acid '—Continaed

: (‘orrusitm rate expressed in mils penetration per vear

. Vapor contain- | \ apor con-
; ing axl)yn;;m- Vapor con- ' taining
. ., ately 0.07 taining | approxi-

f ‘.32:'&'“?3 ! percent Py0s Vi percent - rmately 13
i mall hy weight d(;(l Y by{'gweight | ]ymrcem
\ approximately | of 81 per- 05 and
;‘;};}gf’l&: {l p. m. Ficent HaPO.l  approxi-

mist and i um from 7 to | as a mist | mately 250

I tracesof | 1opercent O2 | andap- lp.p.m, Fy
| ﬂ;xurhw i tatemwm; npmnmawl) by weight

o
mmpoundq ture from 129° 1 250 p. p. m. | at 285° to

Material tested 2

Hirks 1o B37° F. F: by 300° .

[ at 510 | Gleeity of 1‘ weizht at Velocity of
H | vapor approxi- i 250° to vapor ap-

! b mately 30 1 300° F, prmim.nply
i . ft./see. : 30 ft./sec.

Copper (hrazed with Phos-Copper)
Copper (brazed with Silfos) .0
Copper (brazed with Tohin bronze) i
[of (')pp(-r (soldered with ) percent Sn, 40 pereent
Copper, deoxidized
Copper, deoxidized (electric weld) _
Copper, deoxidized (gns weld)
Croloy 9 FO—
Croloy 25-20
Cupro- \u-ke] 20 por(-ont
Duraloy A _ .
Durichlor (c'm)
Duriron (east)
Enduro NC 3 (east)
Everbrite (cast) .
Everdur 1010 .
Everdur 1010 (vlcctn weld with Everdur 1010 roc
Fverdur 1015, __

Gold .. .. __
Hastelloy A
Hastelloy B ..
Hasteitoy C (cast)
Hastelloy D (cast) .
Hlium G (cast) _.
Inconel . __
L.ead, chemical
Lead, tellurium
Mild steel .
Monel

Monel (electric welded with Monel)
Monel (Heliare welded with Monel strip
Monel K
Monel 8 (cast)
Monel 8 eleet el
Muntz metal (est)
Nichrome V...
Niekel ... . _

t, <‘opper frec (cast)’
Hympic A .
Olympic D> .
Pioneer metal (cust) .
Platinum .
Resistac (cast) ...
Silerame 25-20
Rilver, fine .
Sterling <ilver.
super nickel |
Worthite (c:N
Zorite. .

I All tests shown were conducted in plant equipment,
? Specimens were wrought metal unless the notation *“cast’ appears,

Tests in solutions of phosphoric acid and other mineral acids and
salts.—Tests were made in the laboratory in solutions containing
phosphoric acid and other mineral acids and salts. C. P. chemicals
were used. These tests were made in thermal block testing apparatus.,
The results are shown in table VII.
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TasLe VIL—Tests in solutions of phosphoric acid ¥ with other mineral acids and
salls

Corrosion rate expressed in mils penetration per year

i

Cim Jeee loss leges e vm | 9w |~
£f= |BEh pEd 95 |39 |3%: 35 5E:
5% |ean.|zx® [So* IS SZE | 3FE 173
2% |£<32598,. 28 T =32 |TAE (54
an pESlaDr B3¢ B3 | 25|38 3%
Materinl tested ? o2 |FFEERER |S% IS 3%z | 3%= $<2
&Ezel288R32 2] 2 ERR-ERtt
2RSS a2 S se B N & S35 | e g8F
Ro22mO 3| NS 33 =2 e g - =T =P
2807 SEEZS8T %la el S Bl NI
ERsEEECS 8ECE 2o aal2esE| Bae | Bue [Bue
S L B BSR4 3 |8Ex 55| 85k | E52 |25
§5035|227%|2222\880F 0 5%3 268 | EER EER
128x5| 288N 838|284 3\ 282 §) 25 | Bdp )28y
= b § % 2 3 2 S
| R — i S N
A. 1.8, L Type 304 stainless |
steel .. Lo 20 B R DN
A. LRI Type 316 stainless
K170 SO SSU S b 2 S
A LS. L. Type
steel .o o0 TO L
A.LS LTy
steel.
A LS
stee]

Brass, red ...
Durichlor (cast) .
Durimet ... _.

Hastelloy A
Hastelloy B.
Monel ... ...

1 All tests conducted in thermal block testing apparatus. (See fig. 1.)
2 Specimens were wrought metal uniess the notation ‘“‘cast” appears.
3 Solution made by adding solid P3Os to fuming HN Q3.

Tests in ammonium phosphate solutions.—Laboratory tests were
made in solutions of monoammonium phosphate and diammonium
phosphate. All tests were made in thermal block testing apparatus
using salts made by the ammoniation of plant phosphoric acid in the
pilot plant described by Thompson, et al. (8). The results aré shown
in table VIII.

Tests in electrostatic phosphorus precipitator seal oil with and without
phosphorus and phosphorus pentoride contamination.—A few tests were
made in the laboratory in the oil used as a pressure seal for electro-
static dust precipitators used in phosphorus collection systems. New
oil and also oil that had been in service were used. The oil was
Navy No. 3095. The tests were made in a thermal block testing
apparatus at 200° F. The oil was not aerated. Results are shown
in table IX.

Tests in sulfuric acid with and without other materials.—Tests were
made both in the laboratory and in pilot-plant equipment in sulfurie
acid solutions both with and without other materials. In the pilot-
plant tests the sulfuric acid that was used was produced in a pilot
plant operated in a study of the production of alumina from clay (9).
C. P. acid was used in the laboratory tests. The results are shown
in table X, The methods of testing are indicated in the table. The
extent of agitation and aeration in the pilot-plant tests is not known.
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TABLE VIIL.—Tests in ammonium phosphate solutions !

Material tested ?

Cast fron, gray (cast) -

Mild steel. . ..

steel...._._

Brass, yellow.

steel _ _

A. L 8. L. Type 430 stainless

Material tested 2

Precipitator
taining phos-
phorus and
weak H;PO4
equivalent to
1.7 percent
P30s at 200° F.

seal oil con-

7

0.

mils penetration per year

200° F.

Corrcsion rate expressed in

Precipitator
seal oil with-
out P:0; con-

tamination at

(See fig. 1.)
(see fig. 1) without aeration,

'
¢
v
3
V
'
H
‘
'
i
h
'
T
'

Qs contamination ?

2

ing apparatus

Material tested ¢

ype 316 stainless steel welded with T'ype 316 stainless steelrod..|. ...

Tests conducted in thermal bloe& test!
8 All specimens were wrought metal.

8.LT

1 Specimens were wrought metal unless notation “cast’ appears.
Mild stoel

t A1l tests conducted in thermal blogk testing apparatus.

1 Precipitator seal oil 8, A. E, 30 (Navy No. 3085).

TABLE IX.—Tests in phosphorus electrostatic precipitator seal oil ' with and without

ﬁ. II 8.1. Type 318 stainless steel. ... ... .. . ..coooooeoomoiemeieeaaaaas

A.L 8. T, Type 501 stainless steel....| .. ..

Brags, yellow...... ...

Mild steel welded with mild steel

A. L 8. 1. Type 430 stainless steel_..
Cast iron, gray (cast)..
Mildsteel ... ..
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Tests in aluminum sulfate solutions.—Tests were conducted in the
laboratory and in pilot-plant equipment (9) in aluminum sulfate
solutions of several concentrations and at several temperatures. The
aluminum sulfate was produced in the pilot plant. The results are
shown in table XI. The methods of testing are indicated in the table,
-As was the case with tests in sulfuric acid, the extent of agitation and
aeration obtained in the pilot-plant tests is not known.

TaBLE XI.—Tests in aluminum sulfate solutions

{ Corrosion rates expressed in mils penetration per vear
i

f

S olzler lsE w00 |8z lsg (s, 2 1w
S 7% |ES IS |cEie S 152 |spizpic
2 |zZ5F [Ff 3% |2 3E IFE |8°(2° 3
o | BE TR (Lo, S [CE e %e %y
TR | B lm el el SIS |0 o|lsge ST 8
| 28 )28 jzes 25y 22| 22 1ZspiER| S22 | =2
Material ~ied ! l.:—- CL|CESCRE| w3 | 2D [CEECES | <F (T | w5
FEZE ZE |IZE7| w3 | GE BESIEE | w8 | 2 { =3
(EE SRS ESEE ES )t T aEE B2 | B2 | B2
12| R S| ER| SE B R BT ET | R
!:% P TUS P ‘5,“: T2 s, Sla=l 2‘:‘2&.’ 2
EZ| Bo [ERT|E0 B = E2E 1e2B(ge B Tu Ya,
| §7| g% (gRE|zkEl = | 7 |5RE|ekE| s, (=, |8
i B ESHEVEIERE] o | £ |ETEIENE]l Lo | C2 | o
y 2 Ee Nyt EE‘E‘: S8 | x Los Z.:;.:: SE | 8% 35
- == - - g had el BRI S N
lg (8" 8" 8 18 |& [g°72" |57 |8 |=
A LS L Typedo2stainlessstee) | . .1 o | . | ..} ... ] ... 0 23 --
. I T'ype 304 stainlesssteel | . S 054 0.9 0 L. 0.1} 0.5 2 58 -
AL 5. L Type 316 stainless steel ] 1.5 0 (€03 .- S A §) .3
Ambrac A L FUDUN SUDURI SO VRN P
Bronze, Phosphor D
Bronze, Tobin. ..
Circle L-34 (cast).
Copper, deoxidized . .
Drurichlor (cast) ...
Duarimet . ______
Duriron (cast)
Everdur 1010. _.
Lead, chemical. _. .
Lead, tellurium .. .___ ... ... __
Monel . ____. ... 1. . 3
Monel K.___. .
Resistac (cast) . . I N I P . RS S
Super nickel._._ . . _____ R T S IR B PO N
Zorite_ ... ... _. e 20
| ! P \
! Specimens were wrought metal unless notation *“‘cast’ appears. ~

2 Testing apparatus shown in fig. 1.

Tests in nitric acid.—Tests in nitric acid solutions of several con-
centrations and at several temperatures were made using both plant
and C. P. acid in thermal block testing apparatus. The results of
these tests are shown in table XII. Typical analysis of the plant
acid used in these tests is given below.

l
Constituent i Percent Cuonstituent ! Pereent
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Tasre X1I.—Tests in nitric acid!

Corrosion rate expressed in mils penetration per year

|

l

i
!
1
1
H
|
i
I
i
i
i
]
|
|
i
i

s 1 r e e s . N P PR
SE . 5158 5_1358 Sg S5 S S. Ssg
22 722122 75122 7278 ZELE 73
=EIZE,ZE =S ZF ZF ZE =g =2 TE
g% g3 S8 SE'3§ 33.353 35 gz z3
. 3 g = - 3 g g L= B 1
Material tested ? 8535 |¥g 82183 8385 33 81.%2'%3
SEl=E = =5 | = <5i=% 8 £ .2 _E
Bz | EZ |52 5% 35S 5= 55 35 X% RE =
&5 128 58 | &, |23 28 E8 ZF L. L. L
2= | g g Eaﬁ}:z;:s 2w gn go z.  ER
o, Eo. . Eo ! Fo i Fo o, ' Fo 5 £E 5o
BhZRiCBIET BB ik PR R OET B2 %
-":i—\i'—\ ] = xF & - = k= & -
X, - e = S, A — — - —_= -
SRl eTlg® g (® | @¥.39 3F 2 2z &

1. Type 304 stainjess steel.
1. Type 300 stainless steel
L. Type 316 stainless steel
1. T'ype 347 stainjess steel
. L. Type 430 stainless steel
. I. Type 430 stainless steel
eleetric welded with Type 309
stnlnless steel welding red. ...
A. L. 8. L. Type 430 stainless steel
“eleetric  welded with Type
!)U+C b stainless steel welding

e ——
St

i

S 1 '1‘3 te 130 stainless steel . f
oh-(tnc welded with Type 316 i .
stulnle\s steel weldingroc .. __

A. L 8. I. Type 430stainles: steel
eloctnc welded with fype
.Hh+Cb stainless steel welding

Al l . I. Type 430 stainless steel
electm welded with Type
J;é +Cb stainless steel welding

A. L 8. 1. Type 430 stainless weel
electric welded with Ty
stainless steel welding rod ...

A. L. 8. I. Type 446 stainless steel. |.

A. L 8.1 Type 501 stainless steel_|. ..

Aluminum._..._ ... . 1.

Aluminum (el»ctricarcwrlded)._ .

Aluminum (gas welded) .. ...... -

A.S. T.M. I)osurnam\n Al98
39, Grade A (cast). ... .

A.S.T, M. Designation: A29
46T, Grade 8___

Ferritic cast ch
(CaSt) oo

Worthi!

1 All tests conducted in the thermal block testing apparatus. (See fig. 1.)
? Specimens were wrought metal unless the notation “‘cast’ appears.

Test in solutions containing ammonium nitrate with and without
other materials.—Laboratory tests were made in solutions containing
ammonium nitrate at several temperatures. Some of the solutions
contained excess ammonia or calcium nitrate, and others contained
compounds that had been added as corrosion inhibitors. The am-
monium nitrate was made by the ammoniation of plant nitric acid.
The calcium_nitrate and the inhibitors were C. P. chemicals. The
results of the tests are given in table XIII. The methods used in
making the tests are indicated in the table.
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TaBLE XIIL.—Tests in solutions conlaining ammonium nitrate with and without
other materials

Corrosion rate expressed in mils penetration per year

& 1Zplee lg Jex |ex |z |2 |E38 |83
s 92 12E 1§ |G| |§ |5 |EEE i
8 ZE‘ 8 2 S | 2= | = - E:;" P
ColeE (b (B 258 |20|E |B: |ZPr B2
s 08 B |5: 180,183 15 |55 |sw |suE
<E |83 |2 (PR |ZEE|Gef|cE|%f |mer |
=% |22 §F |wy | HES | EEZ W2 lw. |ERR | £8%
22 |28 |25 (21559 | 857 (28 D~ | Fuw~ | 5=~
Material tested | =& |~ |8 | 23 258 gE B2 |8 % | E98% | 2283
S0z |S% |ZZ g5 | 8.6 (75|28 | §.28 | 555%
sE\E, 9. |3F) 838 8s8 )57 sEL | BN 2ELS
SE(5T (8o, [SE|SI515%: (88 (S8 SLgE |Sfgd
7o %3 (28 |25 | %32 | 288 |25 | 285 | 285 | Zgs5
B2 He |de |E5|H%8 | 858 (D4 B:EE ggii ?-g'i
Zg |ze 125 1228 223|285 |28 |Z§E | 235 | 450k
B2 1g8lels |8 (828 gz |8 | g2 | 8CES | BLES
8 \B-ElBC. B | BRE 852 |E |EB.G|BS3:| Exgy
£ (55gRBE| 2 |28 | E§g(Z | R3§|R2EE| 2§
g |8 |3 |8 |® ] g |® e e
AL 8. I. Type 304 stain-
lesssteel _____.._....__ 0 [ I [FORSRUO [RP PURPRRPUN ISP PUNSPUN SO PRI IR
A, L 8.1 Type 405 stain-
lesssteel - ... ... j.. .| [ 1 RSN (RIS DS ISR (NP SIS SO,
A.LS.I ;l‘ype 410 stain- 0
.17 57 (RPN S [SURPRI S | N FIURPIPIY DUPIPIPIPIDIE (PRSI PUPIPIP DI PRPDIPUPIPRTIN PR
A. L 8.1, Type 416 stain-
esssteel . __.__._______.l._____}.._.._ (1. 70 PR SRPRIN (RS PURPI EPPRI ISP SN
A. L 8. L. Type 430 stain-
toel ... ... 1} 0 {11 SRR PN PN RN SOOI BTN DU,

'l‘ylpe 430 stainless steel
weldingrod. ... ... (... _|......
A.LB. L ;l‘ype 501 stain:

teel . _ R PR,

ild steel 7 130 1207 16 25 190 3 1 1
Mild steel welded witl
mild steel ... .. b ... 1,800 | |eeoaao. b2 20 RO DU PRI SIS

18) were wrought metal unless the notation ‘‘cast”’ &peam.

2 T'est was conducted in an open water-jacketed beaker. specimens moved at an average linear
velocity of 20 feet per second being alternately immersed in the corrodent and removed from it 28 times
per minute. Speci were | d approxi ly one-third of the time.

3 Testing apparatus shown in fig. 5.

+ Testing apparatus shown in fig. 1.

Test in copper ammonium acetate solution.—A test of several metals
in copper ammonium acetate solution was made at 180° F. in plant
equipment (4). The results are given in table XIV. The composi-
tion of the solution is shown in the table.

Tests in solutions of various compounds of fluorine.—Tests were made
in the thermal block testing apparatus in solutions containing various
compounds of fluorine. C. P. chemicals were used in preparing the
solutions. The results are shown in table XV.




TaBLe XIV.—Tests in copper ammonium acelate solution 1 ? at 180° F.

Corrosion rate
ex) in
penetra-

Material tested 3

2 Tests made in the plant, without aeration.
1 Specimens were wrought metal unless the notation “cast’’ appears.

TABLE XV.—Tests in solulions of various compounds of fluorine !

Corrosion rate expressed in mils penetration per year

2|8 18 [& (& (3% £ (£ (= |23 13

|2 |7 |[F |% 2 |Z2_|3g g | =

12 L 1 R B imsims |k 82 |3

[ L <) [ Fxq gZg |5 - [ -]

. £ gd‘% ﬂg & “.5 oe,t !;'g

1) 2 g > o N | =

" WIAEREAERE I T HE R
Material tested 1 e §__°_ 22| 2% | 8% gq“ SElogim wh | ge
IR | o8| 55|55 3% |8 w2 |23
RHEHEHEHER IR

5% =1 2° 12828 253 |00 | Ha | L8 (2% | 23

zZ = o -] ] e =2 Be | 8% 2.2 g,

L |Z 1% 12 % | Bew| B3 BB E% BaS) K

TS |8 |9 | |mag |59 |55 |8 |2EE| &
w0 ) [+ % ) ;g,-,§ & &3 mE =,

2 3 8 2 -] z 2 2 2 2 -]

A. L S.I. Type 302 stainless
steel

1 All tests were conducted in the thermal block testing apparatus. (See fig. 1.)
2 Specimens were wrought metal unless the notation *‘cast’ appears.
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Tests in magnesium chloride solutions containing small amounts of
kydrochloric acid —Tests were made in the thermal block testing
apparatus in magnesium chloride solutions (14 percent) that con-
tained small amounts of hydrochloric acid. These solutions were
similar to some that were obtained in pilot-plant work (2) on the
production of magnesium from olivine. The results are shown in
table XVI.

TasLe XVI.—Tests in magnesium chloride solutions containing small amounts of
hydrochioric acid?

1 Corrosion rate expressed in mils penetration per year

‘ : L
14 percent | I4percent | 14 pereent N
MgCh+small | MgCh+small | MgClotsmall | L peoent

Material tested 2 amount of HCL, ‘amount of HC, -amount of HC1,  MECL~mall

pH 3, at room | pH 4, at room | pH 5, at room """""“{““f’ :J( L
temperature tempemture tempemture . ' "I ! 4
without without without * ithout
aeration seration seration |  Beration
i
' t
. LTy pe 303 stainless steel. ... ... . ; 4.7
. L. Type 304 stainless steel .. ... .. : 3.5
. 8. L. Type 329 stainless steel ... . L3
. 8. 1. Type 410 stainless steel. 4
. . Type 430 stainless steel. 3
. 8. 1. Type 446 stainless steel 4
ssred Lo 20
Brass, yellow. ... 4
Cast iron z‘r(;:y (cast) 30
......... 6
Monel.. ... 1.5
Mild steel__ . - e -
Supernickel ... ... ... .. R S 4

i —
1 All tests were conducted in the thermal block testing apparatus. (See fig. 1.)
2 3pecimens were wrought metal unless the notation *‘cast’* appears.

Tests of Ceramic Materials

The results of tests made by four of the methods used for evaluating
ceramic materials are given in this report. Each of these methods is
outlined, and the basis for evaluating the results is explained in one
of the following sections. The compositions and physical properties
of the ceramic materials used in the tests are given in Index C.

Tests of Refraclories Against Phosphates and Slags at Elevated
Temperatures in a Pot-Type Furnace

Tests of the resistance of refractories to the corrosion action of phos-
phates and slags at elevated temperatures were made in a pot-type
furnace. Corrosives tested were molten electric phosphate reduction
furnace slag, calcium metaphosphate, rock phosphate, and basic
open-hearth slag.

Equipment and procedure.— Four samples could be tested simul-
tancously in the furnace, which had a crucible that was 24 inches in
diameter and 12 inches deep. As shown in figure 6, which is a cross-

-~

sectional drawing of the furnace, and in figure 7, which is a photograph

28




that shows the top of the furnace with the lid raised, the test specimens
were suspended from the top by means of steel clamps; about 2 inches
of the specimens was immersed in the molten corrosive.  The furnace
was heated by burning cither fuel oil or carbon monoxide gas in two
burner ports, tangential to the crucible and opening into the crucible
above the pool of corrosive. Passage of the gaseous products of
combustion over the molten corrosive caused it to be agitated some-
what, depending on the type of fuel used and the viscosity of the
corrosive. However, agitation was not considered to be very signi-
ficant and was not measured in all the tests. The degree of agitation
is indicated by measurement made when using molten slag from
electric phosphate reduction furnaces as the corrosive. With oil as
fuel and a temperature of about 2,500° F., the molten slag in the
crucible appeared to rotate at a speed of 6 revolutions per minute.
With carbon monoxide as fuel, under the same conditions, the rota-
tional speed was about 4 revolutions per minute.

The furnace temperature was controlled and recorded by means of
2 potentiometer-type pyrometer. A calibrated platinum—plati-
num-10 percent rhodium thermocouple in a poreelain protection tube
was used to measure furnace temperat' -e. This thermocouple was
guarded from fumes and slag attack by a standard Carbofrax protec-
tion tube.

The corrosive was charged into the furnace and melted in such a
manner that contact of the cold unmelted material with the test brick
was avoided. The lid and the space around cach brick in the lid were
sealed, and gases left the furnace through flues in the side of the
furnace. The heating schedule, the maximum temperature reached,
and the time at the maximum temperature varied for the different
corrosives tested. The bath level was maintained constant by addi-
tions of the corrosive during the testing period.

At the end of the test period the corrosive was tapped from the
furnace while the temperature was maintained at the maximum that
had been attained so that the molten corrosive would drain from the
specimens. The tapping period usually required 10 to 15 minutes,
and when tapping was complete, the furnace was shut off and allowed
to cool for 12 to 24 hours.

The specimens then were detached from the clamps, and the
approximate average depth of penctration of corrosion and erosion
was determined. The measurements were taken at the surface of
the molten corrosive since in practically all cases the greatest amount
of penetration occurred at this point, The depth determinations
were made by laying a straightedge along the face of the uncorroded
part of the test specimen so that it extended over the corroded section
and then measuring the distance from the straightedge to the surface
that had been attacked by the corrosive.
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Figure 6.—Pot-type refractory testing furnace.




‘PIsIeI P Yiim 0vuIng 1533 ad£1-104—" sanfiry

31




Results.—Evaluations of the tests of ceramic materials were made
on the basis of the approximate average depth of penetration of
corrosion and erosion for two or more specimens  In the tables that
follow, the brick are arranged in the order of ircreasing depths o;
penetration. In several cases, evaluation on this basis could not be
followed because the test brick absorbed slag, expanded, or cracked
to such an extent that they were considered unsatisfactory for use in
refractory structures. The method of evaluation used here is some-
what difterent from that described in other articles (5, £) concerning
this work, but the conclusions reached are essentially identical, and
it is believed that the present method is the more reliable.

The results of tests of the corrosiveness of electric-furnace slag,
calciumn metaphosphate, fused rock phosphate, and basic open-hearth
slag are presented, respectively, in tables XVII, XVIII, XIX, and XX.
Photographs of some of the exposed test brick are shown in figure 8
through 11.

TasBLE XVII.—Results of tests in molten slag! from electric phosphate reduction
furnace

{Maximum temperature, 2,650° F.] ?

: : Maximur.
Material tested—brick taton (incgss) p Remarks
Caleium  oxide—chromium oxide—7ir- | 010 3ie............| Sides smooth, absorbed slag.
conium oxide.+
Caleium oxide-—chromium oxide 8. _.__. 0to3ie..._... _..| Sides smooth, attacked at flux line only,
absorbed slag
Fll:;‘l(l) cast (approximately 70 percent | Yi¢...... ... ..... \nlles %mooth attacked at flux line anly, no
Al0y), slag a
Fused cast (approximately 90 percent | lato3e._..... ... Sides smooth no slag absorbed, some pipes
ALOs). in the test bricks were e\poaed by the
attack of the slag.

ZIPOON . il il Wtodi.. ... Sides smooth. 5
Electrocast (approximately 75 percent | b3to d». ... ... Sides smooth, some pipes in test bricks
Al O1). were exposed by the attack of the slag.

Aluminous (approximately 70 percent | bito®ie _..__..__. Sides rough.
AlUz),
Al\:ﬂi)nons (approximately 90 percent | 38to ¥s._____. . _..| Sides very rough.
ALOs).
Alxllm(i)n;sus (approximately 50 percent | 38t bs_ ... . ... .. Sides smoath, few coarse grains protruding.
alaly).
Zircon—silicon earbide.___.________.______ 2i{g to '3{e Sides smooth, bottom end rough.
Super duty fireclay.. ato 31 . ..| Sides smooth.
Forsterite-Chrome._..____.__.___.___..__ Yito k... _} Sides smooth, honeycombed, ahsorbed slag.
Fu\a;edocast (approximately 50 percent | 316 to 1's Sidles rough, badly honeycombed, absorbed
Mg0O;. slag.
E ] T Ziato 184 . __._| Sides smooth, all specimens honeycombed
on bottom
Calcium oxide—zirconium oxide § 7 .| Bides rough, ‘absorbed siag.
Chrome_ ... Sides rough, slight bloating, checked.
Chrome-Magnesi Sides rough, honeycombed, absorbed slug.
Aluminous (approx 34 - .} Sides smooth, one specimen absorbed slag
ALOw, excessively, the other shrank slightly and
both had a few rough spots.
Forsterite ... .....o..oi.oo.. JUNE RS '8 1 1 DR Sides smooth, honeycombed, absorbed slag
excessively,
MAgnesite. ... Cutoff._._____. ... Sides smooth, bloated above flux line,
softened.

¢ Chentical analysis: 3i03, 3.5 percent; Ca0, 48.2 percent; P:0s, 0.9 percent; Al:Os, 10 percent; Fe 04, 0.3
rercent; MgO, 0.2 percent; and F, 2.6 jercent.

2 Furnace with soine slag heated 12 750° to 900° F. in 9 hours, and the temperature was raised to 2,000° to
2,200° F. in 8 hours. Remainder of slag was charged and the furnace heated t0 2,650° F. in 2 hours.  Furnace
held at this tempgrature for 2 hours.

3 The hrick are arranged in the order of depth of penetration except when the test bricks ahsorbed slag,
expanded, or cracked to such an oupm that they would be unsatisiactory for use in refractory structures.

4 U, 8, Patent 2,231,044, Feb. 18, 1

1 Test bricks were fabricated in the hbor'n.or) by the dry press process. They were pressed at 370 to 470
pounds per square inch and fired to 1,500° C.

¢ U. 8. Patent 2,231,024, Feb. 11, 1941,

1 C. 8. Patent 2,2&1,945, Feb. IR, 1041,
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TaBLe XVIIL.—Resulls of tests in molten calcium metaphosphate !

[Maximum temperature, 2,375° F ) 2

Maximum pene-
Material tested—brick tration (inches) 3 Remarks
~ J— [P OO
EEL L Lietobh. ... . Sides smooth, medium to very fine honey-
combing on bottom, expanded very
. slightly.
A\sl«(i) snst (approximately 90 percent | dto s ... . ___. Sides smooth, medium honeycombing on
AhUs), ttom.
Low duty fireclay . ... .. .. RIE 13 7 S Sides smooth, fine honeycombing on bot-
tom, expanded slightly.
Qlassrefractory. ... ... ... bato sz ... Sides moderately smooth, fine honeycomb-
. ing on bottom.
Super duty fireclay ... _____. 18t0 342 . __..._..| Sides rough, coarse-to-coarse interconnect-

ing honeyocombing on bottom with coarse

N protruding partieles on sides and hottom.

High duty fireclay.. ... ... . __. uto Sie.......o_. Sides smooth to rough, fine-to-coarse inter-
connecting honeycombing on bottom.

Sides smooth, coarse honeycombing on
bottom.

Fus;?% ():)st (approximately 70 percent | Jisto bi ..
2

Electrocast containing zircon.___..._.__. | ST .| Sides smooth, coarse honeycombing on
bottom.
Electrocast (approximately 75 percent | 1ito e ..._____.. Sides smooth, coarse honeycombing on
ALOy). bottom.
Aluminous (approximately 60 percent | 1ito 3fe........... Sides moderately smooth to rough, course
AkUs). honeycombing on bottom, one specimen
had eoarse protruding particles on sides
. - . and bottom,
Zircon—silicon carbide....__.__.._____... dietods ... Sides rough, fine honevycombing on bottom,
coarse protruding particles on sides and
ttom.
Flﬁedo )mst (approximately 50 pereent {.._ .. . ... ___..... End corroded off after 18 hours of test.
£0).

1 Chemical analysis: $i0s, 3.3 to 4.6 percent; Ca0, 24 to 26.9 percent; P;0s, 66.2 to 67.5 percent; ALOs, 1.5
to 2 percent; Fez03, 1.7 to 1.8 percent: and F, 0.3% to 0.50 percent,

? Furnace with some caleium metaphosphate heated to 1,000° F. in 4 hours. Remainder of ealeium meta-
phtl)sphatc was charged and furnace heated to 2,375° F. in 2 hours. Furnace held at this temperature for
66 hours.

3 Brick are arranged in the order of depth of penetration.

Tests of Refractories Against Pellets of Phosphates and of Lime

Equipment and procedure.—Tests to determine the resistance of
various refractory materials to phosphates and lime at elevated tem-
peratures were made by the procedure of Hugill, Ainsworth, and Green
(3) for determination of the corrosive action of lime on aluminous
fireclay and silica brick. The corrosives were prepared by fine
grinding and then forming into cylindrical pellets, approximately
1% inches in diameter, at 3,000 pounds per square inch pressure.
A pellet was placed on the surface of the brick being tested, and the
brick and pellet were heated to test temperature (2,650° or 2,825°
F.) in an electric furnace in 21 to 22 hours, held at this temperature
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TasLE XIX.—Results of tesls in molten rock phosphate?

[Maximum temperature 2,825° F.J

Material tested~brick By vt Remarks
Caleil oxide—cbromi oxide—zir- | 36 to 3ie. . ceenn . Sides smooth absorbed melt, slight ex-
conjum oxide.! pansio
Fuged cast (approximately 70 percent | }$to 36 ......__.__ Sides smoot.h some pipes in the test bricks
ALOy). wgre exposed by the attack of the phos-
ate.
Electrocast containing sireon.___........ Ty P bo.
(approxi ly 75 cent to Yo ... D
ALOY. v 75 peroent | 3ito} o
F‘ff‘(’) ;nst (approximately 90 pereent | .. ... ... ___ Do.
V).
Silica..___..__.. cnan- U B6to 34 ... Sides smooth, absorbed mi
C oxide oxide 38....__ | ST TS PSR Sides ?A-;Iooth absorbed melt slight ex-
pan:
Chrome-Magnesia_.......__._...c.c.... ietods ... Sides smooth, cracked on cooling, absorbed
. melt and expanded.
Caletum oxide—zirconium oxide 8 7..____ 1410 56............| Bides smooth, absorbed melt, cracked on
. cooling and expanded
Magnesite_ . .. oo iiaacean.- Yol ... 8ides smooth, both specimens deformed,

aheorbed melt, cracked, end dropped off
ol 1 after 4 hours at maximum tempera-

ZIrCOM __ ..o ol ... Sides ‘smooth, 1 specimen expanded and
absorbed melt, the other expanded
slightly and the end was corroded off.

Alumi (approxi ly 50 percent .| Bides rough, test ends corroded off, ab-
AliQy). i sorbed melt.
Alulm(l)n;)us (approximately 60 percent Do.
).
-Al 0 3 (approxi ly 90 percent |.______ . ___........ Pulled apart above flux line after 4 hours.
2Us).
Super duty fireclay. ... ._..__....... tol¥. ..o ... Sides rough, all specimens expanded, test
ends corroded off of 2, the others ab-
. sorbed some slag.
Fusedoesst (approximately 50 percent { 1%4..____.._ ... __ Sides smooth, test end corroded ofl.
£0), N
High duty fireclay ... ... ... 10134, ool Sides smooth, all specimens were bloated
and test ends were corroded off
Zircon—silicon carbide... _____.___..._... | 2 S Sides rough, test ends corroded off.
MEOINe . . et All specimens deformed, cracked, absorbed

melt, and ends dropped off, 1 after s
hours and the other after 6% hours of
test.

1 Chemical analysis: 8iOz, 19.1 pereent. CaO0, 42.5 percent; P1Os, 30.3 percent; Al;0y, 4.1 percent; Fe:0;,
3.5 percent; F, 0.66 percent; and MgO, trace.

? Furnace with some rock phosphate heated to 575° to 750° F, in 8 hours, and the temperature was raised
to 2,000° to 2,200° F. in the next 8 hours. Remainder of phosphate was charged and furnace heated to
2,825° F. in 2 ‘hours,  Furnace held at this temperature for 8 hours.

3 ’l‘he brick are arranged in the order of depth of penetration except when the test bricks absorbed slag,
expan or cracked to such an eant that they would be unsatisfactory for use in refractory structures.

U. S. Patent 2,231,944, Feb. 18, 1

5 Test bricks were tabricated in the laboratory by the dry press process. They were pressed at 370 to 470
poun dspe r square inch and fired to 1,500° C.

0 U 8. Patent 2,231,024, Feb. 11, 1941,

. 8. Patent 2,231,945, Feb. 18 1941,

for 2 hours, and then allowed to cool in the furnace for 18 hours
before being removed for examination. To facilitate examination,
the specimens were cut vertically through the center of the reacted
zone with a silicon carbide saw. The depths of corrosion and of pene-
tration were measured on the cut specimens. Depth of corrosion
was taken as the distance from the original top surface to the bottom
of the cavity caused by corrosion (C in fig. 12); depth of penetration
was taken as the distance from the original top surface to the dis-
cernible limit of penetration of the fluid materials into the test brick
(P in fig. 12). The electric furnace used in these tests had a firing
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TaBLE XX.—Reaults of tests in basic open-hearth molten slag !

[Maximum temperature, 2,825° F .}

Mazximum

Material tested—brick tration (inches) » Remarks
Fu:ﬁ%- ;nst (approximately 70 percent | }sz to die.. _....... Sides smooth, absorbed small amount of
3).
Magnesia-Chrome. .. __.__.........._..__ Ml ... Sides rough, absorbed slu expanded above
flux line, tonded to pu
Fused cast (approximately 90 pereent | !$to bi.. ... ... Bides smooth, noslaznbeorbed

AWOD. T

oxid

oxidedss . ___

Not measurable. ..

Sides smooth, absorbed slag, 1 brick cracked
on eooling 30 dn:iyn after testing, the other

ed.
h absorbed slag, bloated slightly

Caleium oxide—chromium oxide—zir- | }fe to %ie...... ... Sldesm
confum oxide.¢ ¢ above flux Jine.
Chrome._ .. ... . ... 746 t0 13je one.... Sideamugh 1 specimen ahsorbed slag, ex-
and above

Super duty fireclay
Mywmsm .......................

Forsterite-Chrome. .. _._._..............

Aluin(i)n;ms (approximately 60 pecrcent
1Us).

Al Oy

flux line and broke off during cooling, 2
other specimens cut off at the flux line
30 minutes after start of test and spalled,
cracked, and elongated above flux Jine,

Faces rough corroded off at Aux line.

Faces rough, corroded off at flux line,
pulled off above flux line during tap,
softened.

Faces rough, corroded off at flux line 30

minutes after test started, softened,
cracked, and elongated.
.................... Faces rough ed off at flux line, 1

brick cracked off above flux line after 90
minutes of test
Faces rough, eorroded ofl at flux line.

Forsterite. ... ... ... Faces rough, corroded off at flux line 30
minutes after test started, softened,
cracked, and elonguted above flux line.

All specimens spalled, 1 before test started.

Test end of brick cracked off and dissolved

| inslag.

t Chemical analysis: PrOs, 11.8 percent; CaO, 393 percent; §i0;, 19.1 percent; Fe;Os, 18.1 percent; A0,

2.4 percent; CriOy, 1.4 percent: MnO, 28 t,Moszpemem.andF 0.1 percent.
. . Remainder ot slag charged and furnace

rnace held at this wmpenture for 2 hours.

$ The brick are arranged in “the order of depth cf penetration except when the test bricks absorbed slag,
expanded, or cracked to such an extent that they would be unsatisfactory tor use in refractory structures.

4 Test bricks were fabricated in the laboratory by the dry-press process. They were pressed at 370 to
470 undsporsquare inch and fired to 1,500° C.

* U. 8. Patent 2,231,024, Feb. 11, 1941,

¢ U, S Patent 2,231,944, Feb. lN 1941,

i U. 8. Patent 2.23[,945. Feb. 1.". 1941,

chamber approximately 12 inches wide by 20 inches deep by 16 inches
high and was heated by means of six water-cooled Globar elements,
each rated at 90 volts and 78.5 amperes, which were 24 inches long
by 1 inch in diameter. A platinum—platinum-10 percent rhodium
thermocouple in a porcelain protection tube was located centrally
in the back of the firing chamber,

Results.—Results of tests of the resistance of refractory materials
to lime are shown in table XXI and figure 13. Figure 13 shows the
test bricks cut vertically through the centers of the arcas attacked.
The aluminous brick (60 and 70 percent Al,O;) were not damaged by
the phosphate pellets, and the photograph shows these pellets moved
back from their original position. With the other brick, the lime
pellets were fluxed.
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TaBLe XXIL.—Results of tests of refractories against pellets of lime !

{Maximum temperature, 2,650° FJ?

Arbitrary index

Material tested - brick Depth of corrogion, C . Depth of penviration, of merit
! PR

o
i ,
i (inches) : P (inches. L

Aluminous {approximately 70 percent | 0.

AlsOsy ]
Aluminous (approvimately ) Lercent i 0
AlsOa) '

@
Super duty fireclay ... e «
High duty fireclay P ] [ ®
Low duty fireelay___.___.. ... _____. 1l 0.5

t Chemical analysis: Cu0, 96.45 percent; Mg0), 1.7 percent; 810z, 1.5 pereent; Fe:03, 0.2 percent; 8, 0.05
pereent; P;0s, 0.02 percent. F, 0.08 percent.
2 Furnace and specimens heated to 2,650° ¥. in 21 to 22 hours and held at that temperature for 2 hours.

Table XXII shows the results of tests with Florida pebble phos-
phate and Tennessee brown rock phosphate as corrosives. Some of
the exposed test specimens are shown in figures 14, 15, and 16.
Before taking the photographs, the glassy products of reaction were
removed from the top of the brick. No pellets are shown; where
the depth of corrosion was great, the pellets were fused partially or
completely.

In evaluating the test brick, an arbitrary index of merit was used.
This index was taken as the reciprocal of the product of the depth
of corrosion and the depth of penetration. It was devised as a single
standard by which the refractories could be compared, though its
applicability has not been established by service tests. Again, this
method of evaluation is somewhat different from that used in another
article (7) deseribing some of this work. The change in evaluation
procedure was made to provide a single standard for comparison.

ZONE OF PENETRATION
/—ZONE OF CORROSION

[

UNATTACKED ZONE

Figure 12.—Diagram of test brick after exposure to pellet of corrosive.
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ALUMINOUS ALUMINOUS
(APPROX. 70% Al203)  (APPROX. 60% Aly03)

e

SUPER DUTY FIREGLAY HIGH DUTY FIRECLAY

LOW DUTY FIRECLAY

Figure 13.—Sectional view of bricks after exposure to pellets of lime.
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SILICA SUPER OUTY FIREGLAY,
COATED WITH HIGH-’
TEMPERATURE CHROME
MORTAR

CHROME- MAGNESIA ALUMINOUS
(APPROX.50% Al203)

HIGH DUTY FIRECLAY

Figure 14.—Sectional view of bricks after exposure to pellets of Florida
phesphate at 1,450° C. (2,642° F.).

Products of reaction were removed from the zone of corrosion.
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CHROME-MAGNESIA HIGH DUTY FIRECL AY

SiLicA SUPER DUTY FIRECLAY,
COATED WITH MIGN-
TEMPERATURE CHROME
MORTAR

ALUMINOUS
(APPROX.50% Al203)
Figure 15.—Sectional view of bricks
phosphate at 1,550° C. (2,822° F.).

after exposure to pellets of Florida

Products of reaction were removed from the zone of corrosion.
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SILICA CHROME

CHROME - MAGNESIA ALUMINOUS
(APPROX.70% Al203)

SUPER DUTY FIREGCL AY
COATED WITH HIGH-TEMPE RAT URE
AIR-SETTING MORTAR

Figure 16.—Sectional view of bricks after exposure to pellets of Tennessee
phosphate at 1,450° C. (2,642° F.).

Products of reaction were removed from the sone of corrosion.
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Tests of Ceramic Materials in Strong Phosphoric Acid

Fquipment and procedure -——Tests of the resistance of brick wid
ceramic tower packing materials to strong phosphoric acid (117
percent HyPO,) were carried out in the ceramic-lined tank (fig 3)
deseribed under “Tests of Metals.” Before exposing the speciniicns
to the corrosive, they were dried and coated with a thin, impervious
coating of paraffin, after which their volumes were determined by
water displacement through use of an overflow volumeter. Volume
determinations also were made after completion of the tests, The
strong acid used in the tests was made by concentrating plant phos-
phorie acid and then fortifving it with phosphorus pentoxide  The
acid temperature was maintained in the range 480° to 490° ¥, Speci-
men brick were held by stainless steel clamps on the rotating shafis
so that half of their length was immersed in the acid.  Packing vings
were suspended from the shafts so that they were completely immersed
in the acid.

The tests were of 21 days’ duration. For the first 16 «ays the
specimens were rotated in the acid continuously.  During each of the
last 5 days the specimens were raised out of the acid for 1 hour, im-
mersed and allowed to rotate for 2% hours, raised out of the acid for
1 hour, immersed and allowed to rotate for 24 hours, raised a third time
for 1 hour, and immersed and rotated for 16 hours. At the end of the
21 days the specimens were allowed to drain and cool over the bath,
after which they were immersed in water for 96 hours to remove some
of the acid that had been absorbed, drained again, dried. and coated
with paraffin for volume determination. The purpose of raising and
lowering the specimens was to determine whether they would be
affected by the thermal shock incurred by this treatment.

Most of the specinens were rotated at 14 revolutions per minute,
but some wete turned at 30 revolutions per minute to determine wheth-
er the inereased rate of rotation would have a marked effeet on the
rate of corrosion. In some of the tests movement of the specimens
was the only means of agitation, but in others a Lightnin mixer was
used to provide additional agitation. In neither case was the velocity
of the acid at the surface of the ceramic specimens determined.

Resultz—The results of the tests are given in table XXIII.  Speci-
mens were evaluated on the basis of volume loss except when they
spalled or eracked. The materials that failed in these ways were
considered unsuitable for service under the conditions of the test.
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Table XXTII.—Results of tests in \slrong phosphnnc acid!

Voluine loss,? (|wrcom)

" Speci- i‘ Speci- } Speci-
3 ial tested—brick mens mens | mens arks
Taterial tested—brick "rotated at rotated at ‘rotated at Remarks

4r.p.om., mr% Sl4r.p.m.,

[ low-bath ! low-bath ; high-bath.
\ agitation | agitation | agitation |
' rate ! rate rate

Graphite..___.____. . . o No visible attack, increased in size during
est.

No visible attack.

Do.

Surface rough and pitted, original skin
removed by acid.

Brick crucked, surface rough and pitted,
acid rvmovod original skin.

Ne visible attack.

Nlight attack.

Slight attuck, swelled slightly, started
to crack.

Surface rough, acid removed original skin.

Carbon.. ... ... .. .. _.
Red shale, Ragland, Ala. |
Red shale, Ragland, Ala_ ...

Red shale, Daisy, Tean_. . i

Zircon
High duty fireclay . .
super dul\ ﬁrvda\ et

Acid-resistant fireclay, Bes-
semer, Ala,

Aluminous  (approximately
53 percent ALO;).

Slight attack, but a thin layer was starting
to come off, cracked after exposure on
being leached to remove acid.

Shattered on being raised out of bath, final
volume could not be determined.

Shattered on being raised and lowered into
the hot acid, final volume could not
be determined.

Badly attacked, acid leached out iron oxide
forming fissures.

Sihea... ...

Aluminous (approximatel-
60 percent ALO2).

.i‘
|

Soapstone_. .. _..._._....___. 2 . .

Packing material ) !

e : No visible attack.
e 2.8 | Rough surface after test.
A 8.0 ; Volume losses high as ring spalled some-
| ! . time during testing period, rough surfuce

' ! aflter test.
Zircon porcelain. . oo o] A0 ... : Rurface smooth,

Do ... ... S 2.2 - Ring ecracked and spalled very slightly
sometime during testing penml surface
smooth.

Carbon _ .
Red shale,
Red shule, 1

Chemical poreelain 5.5 1.7 . Surface rough.
Chemical stoneware e ... 4.1 Do.
Pyrexglass ... ____ 9.2 .. ~ Burface smooth.

1 \(ld (nn(‘t'ntr.\tlon. approximately 117 pereent HiPOu acid temperature, 480° 10 490° ¥,
2 A 4" means an incregse in volume.

Tests of Acid-Resistant Ceramic Materials in Boiling
Phosphoric and Nitric Acids

Equipment and procedure.—Picces of brick were tested for resistance
to boiling phosphoric and nitric acids by a modification of a procedure
outlined by Fairlie (). The test materials were equiaxial pieces,
winus 2 plus 3 mesh (Tyler sieve numbers, 0.437- and 0.263-inch
openings), that were obtained by crushing and screening the brick to
be tested.

After being washed and then dried at 212° F., 50-gram samples of
the sized materials were placed in 1,000-milliliter flasks with 250
milliliters of 58° B. C. P. phosphoric acid (80 percent H;PO,) or 35°
B. C. P. nitric acid (50 percent HNQ;). The flasks were provided
with water-cooled reflux condensers fitted with ground-glass joints.
The acids in the flasks were hoiled continuously for 48 hours, and at
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the end of this time the solids were allowed to settle.  The clear acid
was removed by decantation and that remaining with the solids was
removed by washing in boiling water and removing the clear water
extract by decantation. The water extraction was repeated until the
pH of the decanted washings was approximately 7. The solids were
predried at 212° F. and then dried to constant weight at 480° F.  The
loss in weight of .the solids was determined. Absorption was deter-
mined on specimens according to the test procedure outlined by
S. T. M. Designation C67.

Results.—In the seleetion of brick for general use in the TVA plant,
the brick tested were evaluated on the basis of weight loss in boiling
phosphoric acid, which was considerably greater than the weight loss
of the same materials in boiling nitric acid. The results of tests in
both acids are shown in table XXIV, together with absorption test
data. Brick showing less than 4 percent weight loss in phosphoric
acid were considered acceptable for use in the TVA plant. This
criterion has proved to be satisfactory. Weight losses of red shale
brick in both acids are roughly correlative with absorption; the losses
increase as absorption increases. ‘Therefore, absorption is a reason-
ably zood measure of the quality of these brick fov use in contact with
acids. The data on the fireclay acid-resistant brick are not sufficient
to permit correlation,

TasLe NNIV.—Results of tests of ceramic materials in boiling phosphoric acid and
in hoiling nitric ucid

Weight loss ~ Weight loss

Material tested— brick Cin HsPOy1 ¢ inHNOs2 f‘(*‘»“_‘l’rgj}lit“)“

(percent) | (percent) pe
Red shale, Ragland, Ala .. ]
H)
3
Redd shale, Canton, Ohio 3
3.9
A1
Red shale, Ensley, Ala oo . 2.3
1.6
5.8
7.8
Red shale, Plainville, Ga . _____.._.0 ... . .o N5
Red shale, Chattanooga, ‘Tenn. ... ... I .. . 6.3
Acid- r('ﬂ\!ﬂnt fireclay, Beeeh Creek, Pa .0 0 .. ... i 4.7
' 4.1
Acid-resistant fircelay, Bessemer, \la_.. .. ... ... 1.6
4.3

1 (‘ l' %0 pereent phmphnnc acid (h. p.,, 203° F.),
2(*, I, 50 percent nitric acid (b, p,, 241° F.).

[
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Index B—Metals

Index of malerials, ('omposmons and tah/ev

Material tested

Admiralty . . . .

Advaner,
AL S0 l‘\p« 302 stainless
steel,

AL LS L Type 3024 Mo weld-
ing rod.

AL S L
steel,

Type 303 stainless

AL S

. I. Type 304 stainless
steel.

A. L 8.1 Type 309 stainless -
steel,

AL Type 309 stainless
m\-l \\ \-l(hng rod.

AL 3. 1. Type 310 stainless
stwl.

A LR
steel,

. L. Type 316 stainless

A.L 3 I Type 316+Cb stain-
h‘\\ steel.

Al

S. 1. Type 316 stainless
stwl welding rod.

.21 Type 3164+-Cb stain- .
slu-l welding rod.
. L Type 317 stainless

. L. Type 320 stainless 1:

steel. :
A. L2 I Type 321 stainless '
steel, !
|
A L S L Type 320 stainless !
steel.
Ao L SO L Type 347 stainless |
steel,
AL 51 Type 3474+Ch weld- i
ing rml

A. L 8. L. Type 405 stainless :
steel.

A. I 8 L. Type 410 stainless
steel, i

A. L R. L. Type 416 stainless |
steel. |

A I S L. Type 430 stainless |
sll‘?'l .

A. L S 1. Type 430 stainless ©
steel welding rod.,

A. L 5. 1. Type 446 stainless 1
steel. i

A, L 8 I Type 501 stainless |
\h*«l |

A. I 8. I Type 502 stainless [
\“‘1‘ i

Allegheny 35 (cast)

Approximate chemical composition of
material (percent)

.06 maximum Fe, 0.07 maximum Ph, 0.9
?ummum Sn, 70 minimum Cu, balsnee
4]

" 54-55 Cu, 44-46 Ni

0.08-0.20 (‘ 200 maximum Mn, 1.00 maxi-
mum Sl 0.04 maximum P, 0.03 maxi-

mum 8, 17-19 Cr, 8-10 Ni.

0.15 maximam C, 2.00 maximum Man, 1.00 ‘
maximum 81, 0.07 minimum P, §, or Se,
;749 Cr, 8-10 Ni, 0.06 maximum Mo or

r.

0.08 maximum C, 2.00 maximum Mun, 1.00
maximum §i, 0.4 maximum P, 0.03 °
maximum S, 18-20 Cr, 8-11 Ni.

.20 maximum’ C, 2.00 masximum Mn, 1.0 !
maximum 8i, 0.04 maximum P, 0.03
maximum 8, 22-24 Cr, 12-15 Ni.

0.25 maximum C, 2.00 maximum Mn, 1.50
maximum Si, 0.04 maximum S 24-21»(‘r,
19-22 N,

0.10 maximum C, 2,00 maximum Mun, 1.00
maximum 8i, 0.04 maximum P, 003 ;
x\n[uximum 8, 16-18 Cr, 10~14 Ni, 2.00-3.00
Mo, H

0.10 maximum C, 2.00 maximum Mn, 1.00
maximum 8i, 0.04 maximum P, 0,03

maximum 8, 16~18 Cr, 10-14 maximum
Ni, 200-300“0(103((‘\ Ch.

0.10 maximum C, 2.00 maximum Mn, 1.00
maximum 8i, 0,04 maximum P, 0.03
maximum 8, 18-20 Cr, 11-14 Ni, 34 Mo,

0.12 maximum C, 0.7 Mn, 0.75 8i, 17 mini-
mum Cr, 7 minimum Ni (5.5 x O
minimum Ti, balance Fe. .

0.08 maximum C, 2.00 maximum Mn, 100
maximum &i, 0.04 masimum P, 003
maximam 8, 17-18 Cr, 11 Ni G x O)
minimam Ti.

u.l‘(\)l maximum C, 2530 Cr, 3-5 Ni,
Moo

0.08 maximum C, 2.00 maximum Mn, 1.00 -
muximum Si, 004 maximum P, 0.03
maximum 8§, 17-19 Cr, 12 Ni (10 x C)
minimum Ch.

1-1.5 |

0.08 maximum C, 1.00 maximum Mn, 1.00
maximum 8i, 0.04 maximum P, 0.03
maximum 8, 11,5-13.5 Cr, 0.10-0.30 Al

0.15 maximuin C, 1.00 maximum Mn, 1.00
maximum Si, 0.04 maximum P, 0.03
maximum S, 11.5-13.5 Cr.

0.15 maximum C, 1.25 maximum Mn, 1,00
maximum 3i, 0.07 minimum P, 3, or Se,
12-14 Cr, 0.60 maximum Mo or Zr.

1,12 maximuam C, 1.00 maximum Mn, L.00
maximum ‘*x. 0.4 maximum P, 0.03
maximum &, 1418 Cr.

0.35 maximum C, 1,00 maximum Mn, 1.00 -
maximum 8i, 0.4 maximum P, 0.03
maximum §, 23-27 Cr, 0.25 maximum N.

(over) 0.10 C, 1.00 maximum Mn, 1.00
maximum Si, 004 maximum P, 0.03 -
mazimum 8, 46 Cr,

0.10 maximum_C, 1.00 maximum Mn, lﬂﬂ‘
muximum Si, 0.04 maximum P, 0.03
maximum 8, 4-6 Cr.

0.35 maximum C, t maximum Mn, 23-30 |
Cr, 0.6 maximum Ni, 0.6 maximum Si,
balance Fe.
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Tables in which results of
tests of material appear

L v, vi

X.
‘1 X1, XV,
VL
CXVL

I, Vv, Vi, VII, X, XI, XII,

XIII, XV, XVi
LIV, v, VI XIL

¢ XL

Iv,

LILILIV, V, VI VIL IX,
.\,\l XII, X1V, XV,

V. VI, IX, XIL
V, VI, XIL

IV, VL.
vV, VL.
V.

I v, VI, VIL, XVL
LIV, Vv, XIL

XIr.
X1l

LIL XTI XV, XVL

11, X111

LV, VI VI VI X,
\ll XHI, XV, XV
XIr, X111
LIV, V, VI, VIE XTI, XVIL

I 11, VI, XII, X1IT, X1V,

I, X, XIII, XIV.

v, VL



Index B—Metals—Continued

Material tested

Aluminum. .

\llnnmum welding rod

Ambre &

AMECO F -3 (east)

\nu skl metal (easty.

A. ) Desipnation:
\I‘J\ 34, grade A (custr,

A 2T,

A206-400T,

AL
griule 8

Beryllium copper .
Brass, high = .. . .

Brass, red .

Brass, vellow
Bronze, aluminum
Bronze, commereial (cast)
Bronze, lewled.
Bronze, manganese (cast)
Bronze, nickel-aluminum
{cast),
Bronze, Phosphor .
Bronze, Phosphor €.
Rronze, Phosphor 1y
Bronze, silicon
Bronze, muwr\lrcnglh (cast)..
Rronze, Tobin ... ..
Carpenter 20,
Cast iron, gray

Cast iron (malleable)__ ..
Chlorimert 2 (cast) . ___
Circle L-31 (easty ...

Caust metal 4 (casty .

Coast metal 10 (east). ..
Const mnetal 12 (cast) .
Coast metad 18 (cast) ..
Coppar.. .. . .. ...
Copper, deoxidized
Croloy 9__

Croloy 25-20 |

C upm-\?xd\d 20 por(ent
Duraloy A ...

Durichlor (cast) .
Durimet

Durimet 20 (eas!
Darimet T.

Duriron (cast
Easy-Flo.
Elcomet K ((:Lst)

Enduro NC-3 (cast).

Everbrite (cast).____
Everdur 1010

Everdur 1010 welding rod

Everdur 1015

Ferritic cast chromium steel
(cast)

Gold._ .. .. ... ...

Hastelloy A (cast
wrought).

Designation: .

L =70 Cu, 27-40 Zn,

Appreximate chemical composition of
material (pereenty

e A BN R
20 A7 TACu
] (‘r 13 Ni, bulanee Fo o
750U, 10 8n, 15 Ph

7 maximum C, 1 00 maximum Mn, 2.0
newimum R}, 003 muximam 1, 005
mmimum X, s minimum Cr,
mum Ni.

0.20 manimum C, 200 masimum NMn, 2.00
maxbium Si, 0,05 mavimmm P, 0.05
mavimum &, 23-27 Cr, 1922 Ni.

2.5-3.0 Be, halanee Cu.

65 Cu, 35 Zn or (6663 Cu,
0.15 Fe, balance Zn).

85 Cu, 15 Zn

.

2.

25-3.25 I'h,

A3 }’h. -1 8n
@5 Cu, 5 Al
W Cu, 10 7n.
. 10-35 /n 1796 Ph__ .
39 7n, 1.2 Fe, 0.7 Sn, 0.05 Mn_
*lz(‘u +AL4NIL

COACU, SR 001 P L

Hastelloy A weldingrod._.... |

Hastelloy B and |
wrought).
H.xstelloy B weldiug rod

Hastelloy C (cast)

(cast

Hastelloy D (cast)
Miam G (cast). .
lilium R

| 99.95 (‘u 0.01-0.05 P
i 0.15 masimum C, 0.50

190+ &
and | 58 \i 20 Mo, 2 Mn, halance Fe
|

008 (‘ 18.46 Cr, 21.7 Ni, 2.3 Mo, 0.88 3i,

92 Cu, 8 Sn

5Cu LS 007 C
.2 81, balanee Feo

3 Mo, 30 Fo
Mo, 1.2 8i,0.02 Al,

‘Cu
16 (‘r A Ni, 4.5 8

0
e
40425 C, 16 Cr, N1, & Mo
: ¢

]b(r h\l ® Mo, 1 Ti

xim
25-1.75 Mo, 810 Cr, balanee Fe.
0.1 '; ¢, 1.0 Mn, 0.75 8i, 25 Cr, 20 Ni, bal-
ance Fe.
7500, 20N, 57n
0.25 C, 27-30'Cr, 0.60 Mn, balance Fe ~
14.5 8i, 3.0 Mo, 0.585 C, 0.65 Mn, balance Fe

0.2 Cu
20Cr, ‘2‘.0\1 1.75 Mo, 3.5 Cu, 1.0 8i, 0.07 C
19 Cr, 22 \l 18§, ) Cu, 3 Mo, 0.07 C.
0.85 C, 145 Si, 0.6 A, halance Fe
50 \2. 15.5 Cu, 16, 8 N
0.12 C, 2 Cr. 22 Ni, 1 8i, 3~ Cu, 2 Mo, 0.

Mn, balance Fe.

0.25 maximum C, 2.0 maximum §i,

‘maximum Mn, 24-26 Cr, 19-21 Ni.
60 Cu, 30 Ni, 3 Fe, 3(‘r,J\1 ..

1.5

95.8 Cu, 3 1 8i, 11'Mn.’

98 Cu, 1.25 8i, 0.25 M
0.08 C, 16.4 Cr, 0.76 Ni

-7 maximum l-e, hal.\nm 2

“u, 10 81, halan('e Fe.
"u, 4 Mo ..

61 D 21(‘r 65\10‘b5l-c 4Cu, 0.

[{R 5l w.

52

S mini- !

'

(r 15 \31,8\1() 2a(o,;

o.; XIL
LIV, V, VI,
¢ XV
VIV, X

;|

Inder of materials, composition, and tables-—Continued

Tubles in which resufts of

\{\Hl\

CVL VI
1LV, Vi, X, XI, XV,
v, VI

C

iV, VL

/A

1.
I

VIV VI X
LIV, VIL'X,

I._.\Illl.

V..

XV,

X, XIL.

v, VL
vV, VI, X

1L'IV, V. VI, X, XI, XV,
XVI. !

ts
LIV, V, VL VI, XV,

V.
11V, V, VI, VII, X.
IV, ¥

IV, V, VL.

IV, V, VI, X.

LV, UL




Index B—Metals—Continued

Muterial tested

Inconel

La Bour R-35 (east)
La Bour G40 (cast)

Leud, chemical .

Lead, tellurium . .
Low-chrome iron. .
Law-chrome jron+Ch’
Manganese 13-8 Stainless steel
Medium-chrome iron. .
Mild steel

Mild steel welding rod. ..
Monel ...
Monel K
Monel 8 (cast)
Monel welding rod No. 130
Muntz m\-ml (msn

Ni-Resist’ (east)
Ni-Resist, copper free (cast)____

Olympic A
Olympic D
Phos-Copper welding rod .. .
Pioneer metal (cast) ... ...
Platinum .
Resistac (cast) .
Silerome 25-20. ...
Sil-fos welding rml
Silver, fine. ...
Solder ..
Sterling silver
Super nickel.
Tantalum I
Worthite (cast) ...
Zorite._____.

|
J 0.5 3i, 1 Fe, 0.2 Mn, 0.06 C,

i 9.4 muumum Ni

.., 60 3n, 40 Pb

Index of matermls composition, and tables—('onlmuod

\
Approximate chemical composition of |
material (pereent)

11-15 Cr, 70 minimum Ni, 1.0 maximum
I Mn, 10 maximumn Fe, 0.5 maximuin Si,
0.15 maximum C.
23 Cr, 52 Nj, ¢ \lo, 4 80,8 Fe, 6 Cu, 2W,
2.3 C,

23-25 Cr, 365 Ni, 5-6 Cu, 24 Mo, 24 W,

W9+ bb

0.06 Te, 0.06 (‘u. balance Ph
4-6 Cr, .12 C

5(r,4 Mo, 0.6 Ch, 0.06 C
156 Cr, 233 Ni, 9,13 Ma_ .
012 C, 1N-15Cr .
0.2 C, 0.4 Mu, 0.2 8i, balunce Fe

| 63 Ni, 30 Cu, 3.5 Al 1.5 Fe,
¢ 64 Ni, 29 Cu, Z)l'\' 0.5 C.

02C ...

| 60 Cu, 40 Zn
% Ni, 20 Or

C. 154 Cr.

9’5 \g 7.5 Cu
Ni

.2, 24 Ni, 3.0 Mo, 0()‘ maximum C o
* 15 Cr, 35 Ni, 0.5 maximum C, balance Fe

Fables in which results of
tests of material apwar

V.V, VXV,

11V,
LIV,
v, VI X, XL, XIIL XV,
CVOVE X XL XL
v
JIV.
CIV, V.VL VI DX,
XL, XIV) XV, XV
I,
v I ViI, X, X1,
XV, XV1
LV, VX, XI
CVLVLL X

Vi

LV, VI
V.V, VL
IV, VOV XV,
v,V
SV, VL

v, VI

VIV

VI VI

LIV, 'V, VI XL
V1.

V, VI, X, X1
VIV

vV

Vi, XV,

v, VL

IV, VI, XV.
v, viLX, XTI XVL
V.

IV, VI, XIL
v, VI, XTI
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